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Abstract

Although memory recall is known to be reduced with normal aging, little is known about the 

patterns of brain activity that accompany these recall failures. By assessing faulty memory, we can 

identify the brain regions engaged during retrieval attempts in the absence of successful memory 

and determine the impact of aging on this functional activity. We used functional magnetic 

resonance imaging to examine age differences in brain activity associated with memory failure in 

three memory retrieval tasks: autobiographical (AM), episodic (EM) and semantic (SM). 

Compared to successful memory retrieval, both age groups showed more activity when they failed 

to recall a memory in regions consistent with the salience network (SLN), a brain network also 

associated with non-memory errors. Both groups also showed strong functional coupling among 

SLN regions during incorrect trials and in intrinsic patterns of functional connectivity. In 

comparison to young adults, older adults demonstrated (1) less activity within the SLN during 

unsuccessful AM trials; (2) weaker intrinsic functional connectivity between SLN nodes and 

dorsolateral prefrontal cortex; and (3) less differentiation of SLN functional connectivity during 

incorrect trials across memory conditions. These results suggest that the SLN is engaged during 

recall failures, as it is for non-memory errors, which may be because errors in general have 

particular salience for adapting behavior. In older adults, the dedifferentiation of functional 

connectivity within the SLN across memory conditions and the reduction of functional coupling 

between it and prefrontal cortex may indicate poorer internetwork communication and less flexible 

use of cognitive control processes, either while retrieval is attempted or when monitoring takes 

place after retrieval has failed.
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1.0 Introduction

A number of studies have provided extensive evidence of the neural circuitry that supports 

memory retrieval (e.g., Cabeza and Nyberg, 2000; Spaniol et al., 2009; Vilberg and Rugg, 
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2008), as well as evidence of how aging influences this circuitry (e.g., Cabeza et al., 2005; 

Grady, 2012; Rajah and D’Esposito, 2005). However, most research has investigated how the 

brain supports successful memory performance (Addis and McAndrews, 2006; Brewer et al., 

1998; Morcom et al., 2003; Wagner et al., 1998), and limited attention has been paid to brain 

networks involved in faulty memory retrieval, most notably faulty long-term memory recall. 

A number of processes may be engaged during recall, including goal setting, memory 

search, accessing (hopefully correct) stored memories, and evaluating retrieval success 

(Henson et al., 1999; Moscovitch, 1992; Rugg et al., 2002). The assessment of faulty 

memory retrieval can be used to identify brain regions whose activity reflects processes 

engaged when retrieval fails. Such processes can include cognitive control processes 

involved regardless of retrieval success (i.e. retrieval attempt), as well as processes related 

specifically to the failure itself (e.g., error monitoring). In addition, assessing retrieval failure 

provides an opportunity to explore whether older adults utilize the brain regions involved in 

unsuccessful memory differently from younger adults.

It is well known that memory failure is common in old age: older adults are prone to make 

more memory errors, such as false alarms, on episodic memory tasks compared with young 

adults (Grady et al., 2007; Murphy et al., 2007; Roediger & Geraci, 2007), and these errors 

are typically made with higher confidence that the correct answer has been retrieved 

(Budson et al., 2006; Chua, Schacter, & Sperling, 2009; Shing et al., 2009). In addition, 

older adults retrieve autobiographical memories with fewer event-specific details than those 

reported by younger adults (Addis et al., 2008; Levine et al., 2002; Piefke and Fink, 2005; St 

Jacques and Levine, 2007). For these reasons, a full understanding of the impact of aging on 

the neural mechanisms underlying memory requires an assessment of the brain circuits at 

play when memory fails. With the current study, we aimed to document the neural circuitry 

engaged when participants failed to retrieve semantic, episodic and autobiographical 

memories, and to assess whether the engagement of these networks is affected by healthy 

aging.

As noted above, studies of the neural mechanisms underlying age differences in memory 

have mostly explored such differences for successful memory processes. For example, a 

number of experiments have focused on brain activity during encoding of items that are 

remembered successfully, the so-called subsequent memory effect, and shown differences 

between younger and older adults indicating that successful encoding is supported by 

somewhat different brain areas (Cansino et al., 2010; de Chastelaine et al., 2011; Dennis et 

al., 2007; Duverne et al., 2009; Gutchess et al., 2005; Morcom et al., 2003). Similarly, a 

number of studies examining brain activity for successful recognition have reported 

differences between young and older adults in both frontal and parietal cortex (e.g., Daselaar 

et al., 2006; Duarte et al., 2008; Giovanello and Schacter, 2012; Kalpouzos et al., 2012; 

Morcom et al., 2007; Rajah et al., 2010; Spaniol and Grady, 2012). A few studies have 

examined age differences for successful autobiographical memory retrieval (Addis et al., 

2011; Maguire and Frith, 2003; St-Laurent et al., 2011) and found differences in medial 

temporal lobe activity. However, the mechanisms underlying memory errors in older adults 

have not been explored extensively, although given the increase in memory failures observed 

in older adults it is important to study the failures as well as the successes. In the following 

sections, we review evidence for error-related brain activity in young and older adults.
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1.1 Error-related Brain Activity

Studies examining the neural processes related to errors on a variety of cognitive tasks in 

young adults typically show increased activity in both medial and lateral prefrontal cortices 

(PFC). For example, electrophysiological studies of speeded response tasks have shown 

increased activity in medial frontal regions, localized to the anterior cingulate cortex (ACC), 

and attributed this activity to error monitoring processes necessary for potential modification 

of performance (for reviews see Holroyd and Coles, 2002; van Veen and Carter, 2006). 

Functional MRI studies have found more activity in the ACC and a region at the intersection 

of the inferior frontal operculum and anterior insula (aIFO) for errors than for correct 

responses during a variety of tasks, including visual search and semantic judgments 

(Dosenbach et al., 2006), anti-saccade tasks (Klein et al., 2007), Simon tasks (Ham et al., 

2013b) and stop signal tasks (Rubia et al., 2007). This prominence of error-related activity in 

aIFO and ACC suggests the engagement of a brain network known as the salience network 

(SLN). This network includes these areas, as well as the supramarginal gyri, ventral striatum 

and amygdala, and is thought to be driven by the salience or importance of stimuli in the 

environment (Downar et al., 2002; Seeley et al., 2007). Indeed, at least one study has 

directly attributed error-related activity during a Simon task to the SLN (Ham et al., 2013a). 

Thus, committing errors may be a particularly salient event that provides individuals with 

information that can be used to modify behavior accordingly.

In memory experiments carried out in younger adults, error-related activity has been found 

in SLN regions such as the ACC and supramarginal gyrus during false recognition (Slotnick 

and Schacter, 2004) and reality monitoring tasks (Okado and Stark, 2003), and in ACC and 

aIFO during missed source judgments and false alarms, relative to correct source judgments 

(Donaldson et al., 2009). Error-related activity also has been reported for false alarms vs. 

hits in ventromedial PFC (Cabeza et al., 2001), and left temporal cortex (Garoff-Eaton et al., 

2006). However, in recognition paradigms it is not clear if participants are even aware of 

their errors, whereas in other kinds of tasks this is either assumed or assessed explicitly 

(Klein et al., 2007; Ham et al., 2013). A memory paradigm used by Maril and colleagues 

(Maril et al., 2001; Maril et al., 2005) assessed retrieval failures accompanied by awareness 

on the part of the participant by assessing the tip-of-the-tongue (TOT) phenomenon. In TOT, 

participants are required to indicate when they cannot retrieve the required information but 

feel that this retrieval is imminent. In these studies (Maril et al., 2001; Maril et al., 2005), 

both successful recall and TOT events were accompanied by increased activity in ACC and 

aIFO, but the increases were larger and more sustained during TOT, indicating that memory 

retrieval failure accompanied by awareness also involves SLN regions.

1.2 Errors and Aging

To-date, aging studies have found that recognition failures in older adults are associated with 

more activity in brain regions that process irrelevant stimuli during encoding (Stevens et al., 

2008). False alarms during recognition memory tasks, relative to hits or correct rejections, 

have been related to greater activity in left temporal cortex (Dennis et al., 2008) and 

hippocampus (Giovanello et al., 2010) in older relative to younger adults, and to less activity 

in precuneus (Duarte et al., 2010). In contrast, electrophysiological studies of non-memory 

errors generally have found smaller error-related responses linked to the ACC in older 
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compared to young adults (Band and Kok, 2000; Endrass et al., 2012; Falkenstein et al., 

2001; Nieuwenhuis et al., 2002). Thus, the literature on brain activity during errors in older 

adults is not extensive, and does not point to the SLN specifically, although some work does 

indicate age differences in the ACC.

1.3 The Current Study

We examined brain activity during declarative memory retrieval failures in young and older 

adults to determine whether these errors are accompanied by heightened activity in the SLN, 

and whether such activity differs with age. Given the studies showing SLN activity for 

memory errors, including TOT, we reasoned that the failure to recall a specifically-cued 

memory also should engage the SLN, presumably reflecting both error processing and 

response monitoring (Ham et al., 2013a). Cued recall errors would be similar to TOT or 

other types of conscious errors because individuals would be aware that they have only 

partially succeeded or not succeeded in retrieving a memory related to the cue. Thus, the 

purpose of the current study was to examine how age affects the neural circuitry engaged 

when participants attempt but fail to recall long-term memories.

Using fMRI data from a previously published study (St-Laurent et al., 2011), we examined 

brain activity from young and older adults during incorrect vs. correct memory decisions 

across three conditions requiring retrieval of different memory content: Autobiographical 

(AM—personal life events), Semantic (SM—general knowledge) and Episodic (EM—events 

encoded in the laboratory). In this study, participants were cued to retrieve one of these three 

types of memory. If an AM was cued, they judged whether the retrieved memory was either 

very vividly or somewhat vividly retrieved, or whether no relevant memory could be 

recalled. For the other two conditions, participants either answered a general knowledge 

question (SM), or a question related to a picture shown earlier in the experiment (EM), and 

the response could either be correct or incorrect, or participants could indicate that they did 

not know the answer. Our focus in the current study was on brain activity during 

unsuccessful trials, defined as trials with incorrect and “I don’t know” responses for EM and 

SM. For AM, incorrect trials were those given “somewhat vivid” or “I don’t know” 

responses. We assessed activity across incorrect and correct trials using a multivariate 

analysis to determine if there was a distributed pattern of brain activity, consistent with the 

SLN, that would be more active during incorrect than correct trials across all memory 

conditions. In both groups of participants, we expected to see greater activity in areas such 

as ACC and aIFO for incorrect responses and failures to retrieve a memory, consistent with 

the literature cited above. Given the age reductions in brain activity observed for AM and 

EM relative to SM during successful trials (St-Laurent et al., 2011), we expected age 

differences in activity during unsuccessful trials to emerge primarily in the two “episodic” 

conditions.

To address whether the entire SLN was active for memory failures, we also examined 

functional connectivity within this network, defined using two major nodes of the network 

(see section 2.4), during incorrect trials and assessed age differences in this functional 

coupling. Age differences in functional connectivity have been examined extensively for the 

default network (e.g., Andrews-Hanna et al., 2007; Damoiseaux et al., 2008; Grady et al., 
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2012), and to some extent for other brain networks (Allen et al., 2011; Campbell et al., 2012; 

Onoda et al., 2012; Rieckmann et al., 2011; Thomas et al., 2013; Tomasi and Volkow, 2012; 

Voss et al., 2010). Weaker functional connectivity has been reported specifically within the 

SLN or in SLN nodes in older adults (Allen et al., 2011; Geerligs et al., in press; He et al., 

2014; Meier et al., 2012; Onoda et al., 2012; Tomasi and Volkow, 2012), leading us to 

predict age-related reductions in SLN functional connectivity in our results, although 

connectivity within the striatum, a node of the SLN, has been shown to increase with age 

(Allen et al., 2011; Tomasi and Volkow, 2012; Wang et al., 2012). However, most of these 

earlier studies examined resting-state functional connectivity, and it is unclear whether 

similar age reductions would be found during our tasks, on which there were no age 

differences in overall accuracy or response times (St-Laurent et al., 2011). Previous work 

also has shown age-related reductions in connectivity between areas from the frontoparietal 

control network, or FPC (Spreng et al., 2013; Vincent et al., 2008) and SLN areas, such as 

the aIFO (Campbell et al., 2012; He et al., 2013). Thus, we anticipated that age differences 

might emerge in the strength of functional connections between SLN nodes and other brain 

regions, particularly those involved in cognitive control.

2.0 Results

2.1 Behavior

We previously reported that there were no age differences in the proportion of trials in which 

participants were able to retrieve a very vivid AM or a correct EM or SM (St-Laurent et al., 

2011). For the purposes of the present report, reaction time (RT) data were analyzed with a 

two (group) x three (memory task) x two (correct, incorrect) ANOVA. There were 

significant main effects of task, F(2,56) = 19.2, p < 0.001, and type of response, F(1,28) = 

128.9, p < 0.001. Incorrect RTs were significantly slower than correct ones (Figure 1), and 

RTs for AM and SM were significantly slower than for the EM condition (both ps < 0.001, 

corrected). We observed no significant effect of age group, and no interactions were 

significant.

2.2 Brain Activity during Incorrect Trials

Image analysis was conducted with a multivariate approach (partial least squares, or PLS), 

which identifies spatiotemporal patterns of whole-brain activity that covary with task effects 

(Krishnan et al., 2011; McIntosh et al., 1996; McIntosh and Lobaugh, 2004). Using this 

data-driven approach to assess patterns of activity during correct and incorrect trials, we 

identified a set of regions that distinguished unsuccessful from successful trials across 

conditions (p < 0.004; the p value here applies to the entire pattern of activity across the 

brain, see Figure 2a). To assess the magnitude of brain activity in these regions as a function 

of condition, we examined the summary measures that indicate the extent to which each 

participant expresses the whole-brain activity pattern seen in Figure 2a (known as “brain 

scores”) over the time points in the 16s analysis window. We first tested the hypothesis that 

there was more activity overall for incorrect than correct trials, by collapsing across memory 

condition and group and using a repeated measures ANOVA with response and time as 

factors. The effect of response was significant (F(1,29) = 29.36, p < 0.001), as was the effect 

of time (F(6,174) = 10.58, p < 0.001), and the response x time interaction (F(6,174) = 13.3, 
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p < 0.001). This indicates that there was more activity for incorrect than for correct 

responses within the regions identified by the PLS pattern, and that this difference increased 

over time (Figure 2b). In addition, the whole-brain response (averaged across time) was 

significantly different from zero for incorrect trials (mean ± SE, 2.46 ± 0.37; one sample t-

test, t(29) = 6.55, p < 0.001, corrected for 2 comparisons), but not for correct trials (mean, 

0.01 ± 0.25; t < 1). That is, activity in the regions seen in Figure 2a, as a group, was 

increased only during incorrect trials.

More activity for incorrect responses was seen in aIFO bilaterally, ACC, thalamus, caudate, 

supramarginal gyrus (SMG) and midbrain (Figure 2a, Table 1), all of which are thought to 

be nodes of the SLN (Downar et al., 2002; Seeley et al., 2007). Additional regions with more 

activity for incorrect trials included frontal areas associated with the frontoparietal control 

network, or FPC (Vincent et al., 2008), such as the middle frontal gyrus. We note that there 

was some overlap between the regions identified in Figure 2a (incorrect > correct), and 

regions that were found in our prior work to be more active during the same three memory 

conditions compared to a non-memory control task (Burianova and Grady, 2007; St-Laurent 

et al., 2011). As shown in Supplementary Figure 1, some SLN regions showed more activity 

across the memory conditions compared to the control task (e.g., aIFO), but other areas that 

showed more activity for unsuccessful than for successful trials did not differ between the 

memory conditions and the control task (e.g., right supramarginal gyrus). Therefore, some, 

but not all SLN regions were active during memory retrieval in general, while all showed a 

heightened engagement during recall failure.

Having identified a significant whole-brain response in the SLN that was specific to 

incorrect trials, we then tested for condition and group effects on the brain scores from the 

incorrect trials using an ANOVA with group, condition, and time as factors. The main effect 

of condition was not significant, but the main effect of time (F(6,168) = 16.97, p < 0.001) 

and the interaction of group x condition (F(2,56) = 8.66, p = 0.001) were significant (see 

Figure 3). This interaction remained significant when the ANOVA was carried out using 

mean activity for the correct trials as a covariate (F(2,54) = 3.91, p = 0.03), indicating that 

the differential engagement of the SLN as a function of group and condition was specific to 

unsuccessful trials. During unsuccessful AM trials, the young adults had significantly 

greater SLN activity than the older adults (F(1,28) = 7.95, p < 0.01). In contrast, there was a 

trend for greater activity in older adults during incorrect EM trials (F(1,28) = 3.59, p = 0.07) 

and no group difference for SM trials (F < 1). In other words, young adults were more likely 

to engage SLN regions during the unsuccessful retrieval of personal memories (AM), 

whereas older adults tended to have more of this activity for non-personal memories (EM).

It is important to note that these patterns of brain activity were observed in the context of RT 

differences between correct and incorrect responses (Incorrect > Correct, Figure 1). The 

nature of our tasks makes it likely that unsuccessful memory retrieval resulted in the 

engagement of additional cognitive processes that contributed to longer response times. 

Thus, it is difficult to fully separate the influence of these processes and RT on brain activity. 

Nevertheless, we considered that some assessment of the strength of the influence of RT on 

activity during incorrect trials was warranted. First, we assessed the influence of RT on 

activity during incorrect trials using the brain scores (averaged over time) as a measure of 
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this activity, because these scores reflect how much each participant expresses the pattern of 

activity seen in Figure 2a. We used an ANCOVA to assess group effects on brain scores for 

incorrect trials in the three conditions (AM, EM and SM), with mean RTs from each 

condition entered as covariates. In this analysis, only the group x condition interaction was 

significant, F(2,50) = 6.3, p = 0.004. A similar result was found when the differences in RT 

between correct and incorrect responses for each condition were used as the covariates: 

group x condition interaction, F(2,50) = 8.0, p = 0.001. These analyses indicate that even 

after accounting for the influence of RT on brain activity, the age differences apparent in 

Figure 2b were still robust. In addition, correlations were calculated between participants’ 

brain scores from incorrect trials and their mean RT for these trials in each condition; these 

analyses were conducted across young and old participants combined, as there were no 

group differences in RT. The only significant correlation between brain activity and RTs was 

for the incorrect EM trials (r = 0.44, p = 0.015). These additional analyses indicate that, in 

general, the error-related brain activity that we observed was not strongly influenced by RT.

2.3 Response profiles in aIFO

To focus on the SLN for the functional connectivity analyses described below, we chose two 

regions, the right and left aIFO, as “seeds” and used PLS to measure the correlation between 

activity in these seeds and the rest of the brain during incorrect trials. The aIFO was chosen 

because it is considered a major SLN node and has been used by others to define this 

network (Farb et al., 2013; Seeley et al., 2007). To illustrate activity in these seed regions, 

Figure 4 shows the hemodynamic response of the right and left aIFO for young and older 

adults during correct and incorrect responses, averaged across the three memory conditions. 

There are two things to note about this activity. First, it appeared to increase for both correct 

and incorrect trials, unlike the whole-brain response shown in Figure 2, which increased 

reliably only for incorrect trials. Figure 4 also shows the response of another SLN region, 

the right SMG, during incorrect and correct trials; activity in this region appeared to increase 

only near the end of incorrect trials. A similar response profile was seen in the right superior 

frontal gyrus, one of the PFC regions that were more active for incorrect responses, along 

with the SLN. Activity in this region appeared to briefly decrease and then increase during 

incorrect trials. These profiles indicate that the individual responses to task demand are 

variable among SLN regions; nevertheless all of the response profiles are consistent with the 

whole-brain profile of increasing difference between correct and incorrect response over 

time.

The second thing to note about activity in the aIFO is that it appeared to be sustained longer 

during incorrect trials. To determine whether the difference in activity between incorrect and 

correct trials was most robust late in the trial, we carried out ANOVAs with trial type 

(correct, incorrect) and time (time points 2–8) as repeated measures for the right and left 

aIFO. For the right aIFO, the critical interaction of trial type and time was significant, 

F(6,168) = 10.5, p < 0.005 (there were no significant effects involving group). Activity for 

incorrect trials was higher than activity for correct trials in the last two time points of the 

trial (p < 0.05, corrected for multiple comparisons). Similarly, for the left aIFO, the 

interaction of trial type and time was significant, F(6,168) = 13.0, p < 0.001 (there were no 

significant effects of group), and activity was higher for incorrect than for correct trials in 
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the last two time points of the trial (p < 0.05, corrected for multiple comparisons). In sum, in 

both seed regions, the response was more sustained during trials in which participants could 

not retrieve the cued memory, consistent with the greater difference over time between 

incorrect and correct trials seen in the whole-brain response (Figure 2b).

2.4 Task-Related Functional Connectivity

We next examined whether the regions active for incorrect responses were functionally 

connected, i.e., could be considered a network, and whether age modulated their pattern of 

functional connectivity. Using the right/left aIFO regions as seeds, we assessed functional 

connectivity patterns during the incorrect trials across the three memory conditions. The first 

significant pattern of functional connectivity revealed by PLS (p < .005) identified regions 

with strong functional coupling to the aIFO seeds across conditions and groups, including 

SLN areas such as the ACC, striatum, supramarginal gyrus and midbrain (Table 3 and Figure 

5a). Other regions with strong connectivity to the seeds included frontoparietal cognitive-

control regions, such as middle frontal gyri and inferior parietal lobes. Overall, these regions 

closely resembled those with increased activity for incorrect trials, although the spatial 

pattern was more extensive (compare Figure 2a and 5a). Correlations between brain scores

—which reflected to what extent a participant’s brain activity resembled the spatially 

distributed pattern shown in Figure 5—and activity in each seed are reported per condition 

and age group in Table 2; for this pattern, no correlation differed significantly between the 

two age groups.

A second significant pattern of functional connectivity (p < 0.02) showed a clear distinction 

between AM and SM/EM in young adults (warm colored regions in Figure 5b, Table 4). The 

aIFO seeds correlated positively with vmPFC and the superior frontal gyrus, angular gyrus, 

amygdala/parahippocampal gyrus and striatum in the left hemisphere during AM (Table 4); 

during EM and SM positive correlations were seen in bilateral precentral gyri, and some 

temporo-occipital regions (cool colored regions in Figure 5b, Table 4). In contrast, older 

adults showed no differences in the correlation values across the memory conditions in these 

regions (Figure 5b), and most correlations between brain scores and seed activity were not 

reliably different from zero (Table 2). In addition, age differences were seen for connectivity 

with the right aIFO seed in AM and for connectivity with both seeds in SM (Table 2).

To determine if this second pattern of functional connectivity was specific to the incorrect 

trials, we carried out an analysis of the correct trials using the same two seeds in aIFO. 

Unlike for incorrect trials, for correct trials there were no significant patterns of functional 

connectivity that differentiated the memory conditions in young adults, but not older adults 

(as seen for incorrect trials in Figure 5b). Instead, there was a limited set of regions with 

non-specific age differences across all three memory types (see Supplementary Figure 2). In 

addition, there were no significant correlations in either age group (all ps > 0.05, corrected 

for 6 comparisons) between the brain summary scores from the pattern of connectivity for 

incorrect trials (Figure 4b) and those for correct trials (Supplementary Figure 2, Latent 

Variable 2), suggesting that the pattern seen in Figure 4b was specific to the incorrect trials.
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2.5 Intrinsic Functional Connectivity

In addition to examining SLN functional connectivity during task, we considered it 

important to obtain an estimate of this network’s intrinsic functional connectivity in each 

age group. Intrinsic functional connectivity is thought to reflect the spontaneous 

communication among brain regions that exists when a person is at rest (Boly et al., 2008; 

Fox et al., 2005; Mennes et al., 2013), but nevertheless reflects the range of functional 

connections that are available during task performance (Smith et al., 2009). Importantly, 

intrinsic functional connectivity is related to cognitive performance in both young and older 

adults (Andrews-Hanna et al., 2007; Dang et al., 2013; Kelly et al., 2008). To examine 

intrinsic functional connectivity, we analyzed activity correlated with the aIFO seeds across 

a functional run after removing the effect of the task events. This type of approach has been 

used by others (Al-Aidroos et al., 2012) and shown to result in patterns of functional 

connectivity that closely resemble those calculated from “true” resting state scans (Grady et 

al., 2014; Grigg and Grady, 2010a).

The functional connectivity pattern accounting for the most covariance in the data is shown 

in Figure 6a (p < 0.001). The spatial pattern of brain regions was similar to the set of regions 

with increased activity for errors (Figure 2a) and to the common task-related functional 

connectivity pattern (Figure 5a); indeed, there was considerable overlap among these three 

spatial patterns (Figure 7). The bilateral aIFO seeds were functionally coupled to ACC, 

striatum, thalamus, and middle frontal cortex bilaterally (Table 3). Robust correlations 

between seed activity and activity in the regions shown in Figure 6a were seen in both age 

groups. A two (group) by two (hemisphere) ANOVA conducted on the correlations (after 

converting them to Z scores using the Fisher r-to-Z transformation) showed that neither the 

group effect (F[1,78] = 3.3, p = 0.07) nor the group x hemisphere interaction (F[1,78] = 2.3, 

p = 0.13) was significant.

A second significant functional connectivity pattern also was identified (Figure 6b, p < 

0.001)1. In this pattern, the aIFO seeds were correlated with bilateral middle frontal cortex 

and dorsomedial PFC, plus a left temporal region (Table 4) in both groups, but these 

correlations were weaker in the older adults compared to the younger adults (F[1,78] = 4.0, 

p < 0.05; Figure 6b). A few regions showed negative correlations with the seeds, including 

precuneus (4, -76, 36, BSR = 6.2) and mid-cingulate (0, -4, 48, BSR = -5.8).

Although we attempted to remove the influence of task on these functional connectivity 

results, it is possible that some of the similarity between the functional connectivity patterns 

we observed across the task and intrinsic functional connectivity analyses (i.e., the similarity 

between the regions seen in Figures 5a and 6a) could be due to the fact that the latter 

assessment was done on a task run and not on “true” resting state scans. To examine this 

issue, we carried out a functional connectivity analysis, using the same two seed regions, in 

an independent group of young adults who were scanned at rest (n = 45; 18–29 yrs, M = 

22.4, SD = 3.1; 23 males). The “true” resting pattern of functional connectivity within the 

SLN is shown in Supplementary Figure 3, and was very similar to the task-related and 

1Note that additional significant Latent Variables were identified in this analysis, but because they each accounted for less than 2% of 
the total covariance, they are not reported here.
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intrinsic patterns, showing considerable overlap with them. Thus, the network functional 

connectivity seen here is not due to our particular dataset or to the way we removed the 

effect of the task events, but instead highlights the robustness of the correlations with the 

aIFO seeds across multiple analyses and experimental conditions.

3.0 Discussion

In this experiment, we compared patterns of brain activation elicited during memory 

retrieval errors in young and older adults, using a cued recall task, and addressed two main 

questions: 1) is the SLN involved in memory recall errors, and 2) does activity or functional 

connectivity differ with age during recall failures? In both young and old adults, we found 

that unsuccessful retrieval was associated with more activity than successful retrieval in a 

widespread set of regions that have been previously associated with monitoring, stimulus 

salience, and error processing. This activity was seen primarily in regions thought to be 

nodes of the SLN, although frontal control regions also were active. These results suggest 

that recall failures may be especially salient events that are associated with more SLN 

activity than successfully recalled memories. In terms of age differences, younger adults 

showed more activity than older adults during trials for which they were unable to retrieve a 

vivid personal memory (AM). Strong intrinsic functional connectivity and functional 

connectivity during the memory tasks was observed within the SLN in both young and older 

adults. Despite maintained functional connectivity within the SLN, however, older adults 

had less distinct patterns of connectivity across the memory conditions, relative to young 

adults, and weaker intrinsic connectivity between the SLN and dorsolateral PFC. Overall, 

these results indicate that age differences in how young and older adults recruit the SLN 

when unsuccessfully attempting to retrieve declarative memories vary as a function of the 

type of memory content to be retrieved.

3.1 Greater Activity for Incorrect vs. Correct Trials

As expected, we found that when people are unable to retrieve correct information or a vivid 

personal memory, they engage the SLN, as well as other PFC areas involved in cognitive 

control. The summary measure of activity in these regions was significantly increased only 

for incorrect trials, and difference in activity between incorrect and correct trials increased 

within a trial’s time window. It is not possible from this study to ascertain whether activity 

during incorrect trials reflects some particular process occurring at the time of the error, the 

evaluation of the error after the participant has failed to retrieve the cued memory, or a 

longer engagement of the same processes that also occur when memory succeeds. The 

differing response profiles of some SLN regions, and the fact that only some of them are 

active across memory conditions vs. a control task, suggest that SLN nodes may play 

different roles in memory retrieval. That is, some SLN regions (e.g., aIFO) may be active for 

retrieval regardless of the outcome, probably for monitoring and cognitive control, and 

continue to play this role longer when retrieval is not successful. Activity in other regions 

(e.g., SMG) may underlie error-specific processing or post-error evaluation. However, since 

our experiment was not designed to disentangle these different processes, we conclude that 

at least some of what we have observed in this study likely reflects types of processing that 

can occur regardless of retrieval success, with heightened and/or prolonged processing when 
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retrieval fails. Clearly, experimental work addressing this question of processing specificity 

during errors needs to be done in the future. Regardless, our results show that the SLN 

responds to a greater degree for failed recall attempts than for successful ones, a difference 

that increases with time as the contribution of each region comes online.

Our interpretation that at least some SLN regions are engaged during both correct and 

incorrect trial types, but this activity is sustained longer for incorrect trials, is consistent with 

what others have reported for the aIFO (Maril et al., 2005; Wheeler et al., 2008). The pattern 

of activity that we observed in aIFO is also consistent with previous work (Carter et al., 

1998) showing that some “error-related” activity also occurs during correct trials in which 

there is high response competition, which may have been a factor in our study (i.e., 

competition among details that may or may not be pertinent to the recalled memory). Thus, 

our results, taken together with the error literature in general, support the idea that 

heightened and/or sustained SLN activity occurs for recall failures compared to retrieval 

successes, similar to that seen for non-memory errors, although individual SLN nodes may 

have different response profiles. Heightened engagement of the SLN may be a general 

phenomenon that does not depend on the particular context in which the error occurs, but 

may indicate high salience of the event due to its potential impact on future behavior.

We originally hypothesized that age differences in error-related activity would be greater in 

the AM and EM conditions, as older adults typically perform worse on these kinds of tasks 

compared to SM (Craik and Jennings, 1992; Spaniol et al., 2006). We found some support 

for this hypothesis, as there was significantly more activity for unsuccessful retrieval of 

personal memories in young adults, compared to older adults. We also found a marginal age 

difference in EM, but in this case the trend was for greater activity during non-personal 

episodic memories in older adults. This pattern of effects suggests that the age difference is 

not related to difficulty of retrieval per se, but may be related to some other process, such as 

retrieval of and discarding potentially relevant details. For example, activity in the SLN and 

cognitive-control areas during AM failures may reflect an attempt to sort through various 

personal details potentially relevant to the current cue, a process that would be required for 

AM. If this were the case, then greater activity in younger adults would be consistent with 

findings that younger adults typically retrieve more episodic details during AM than older 

adults do (Levine et al., 2002). On the other hand, older adults may retrieve an equivalent 

number of details when attempting to recall a non-personal episodic or semantic memory, 

accounting for preserved activity during EM and SM incorrect trials, which also would be 

consistent with their preserved or even superior semantic memory relative to younger adults 

(Lovden et al., 2004; Mitchell, 1989; Park et al., 2002).

We note that the effects of cognitive processing vs. RT effects cannot be disentangled in our 

study because taking time to search for a memory and ultimately failing to find one, or the 

right one, are inextricably linked. However, others have shown similar engagement of the 

SLN for errors in tasks where RT on error trials is actually faster than correct trials (Ham et 

al., 2013a). Also, since there were no age differences in RT, or a significant influence of RT 

on activity during memory failures in this study, RT cannot explain the age-related 

differences we observed in SLN activity or functional connectivity. Such findings, taken 
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together with our results, provide evidence that SLN activity during errors is not strictly tied 

to RT.

3.2 Functional Connectivity

Strong functional coupling was seen within SLN regions during the incorrect trials and when 

the task effect was removed from the data. These connectivity patterns were very similar to 

each other, indicating that the SLN as a whole is involved in recall failures and that its 

functional connectivity is robust across a variety of cognitive states. It also is interesting that 

the aIFO seeds were functionally connected to cognitive-control regions, such as frontal and 

parietal areas thought to be nodes of the frontoparietal control network, as well as with other 

SLN regions. Prior work focusing on either the SLN or the FPC have identified aIFO as a 

participant in both of these networks (Campbell et al., 2012; Spreng et al., 2013; Vincent et 

al., 2008), indicating that aIFO activity may reflect the engagement of either of these two 

networks.

In addition to the main patterns of functional connectivity within the SLN, we also found 

that the aIFO seeds were functionally coupled with other regions during the retrieval 

conditions, and these patterns of connectivity were specific to the type of memory content 

that participants were attempting to retrieve, but only in the young adults. In the young 

group, the aIFO seeds were functionally connected to ventromedial PFC and a region in the 

dorsal superior frontal gyrus during AM errors. These two PFC regions are part of the 

default network (Grigg and Grady, 2010b; Spreng et al., 2013), which is active during AM 

retrieval (Addis et al., 2009; Burianova and Grady, 2007; Spreng and Grady, 2010). This 

pattern of connectivity may reflect the self processing that is necessary for AM retrieval, 

even when a memory cannot be successfully retrieved, as medial PFC is thought to be 

critically involved in self reference (Craik et al., 1999; Northoff and Bermpohl, 2004). In 

contrast, during EM and SM trials, the aIFO seeds were functionally connected with 

premotor and temporal areas. It is not clear what type of mechanism this pattern reflects, but 

it may indicate that different search processes are engaged when participants struggle to 

retrieve a non-personal memory.

We found no evidence for age differences in the strength of functional connectivity within 

the core SLN, either during the incorrect trials or in the estimate of intrinsic functional 

connectivity, although a number of studies have reported such age differences (Allen et al., 

2011; Geerligs et al., in press; He et al., 2014; Meier et al., 2012; Onoda et al., 2012; Tomasi 

and Volkow, 2012). Although we did not find age differences in the primary pattern of 

connectivity within the SLN, we did see reductions in the strength of connectivity between 

the aIFO seeds and regions outside the SLN, as well as a lack of task-specificity in the 

pattern of connectivity across the three memory conditions in older adults. This result is 

consistent with the idea that brain activity is dedifferentiated or less selective in older adults 

(Carp et al., 2011; Grady, 2002; Park et al., 2004). Young adults showed an SLN interaction 

with some DMN regions that was specific to failed AM trials, which may reflect their 

attempt to sort through more competing details at recall, as we suggested above. This task-

dependent pattern of SLN functional coupling in young adults, together with their greater 

activity in AM trials compared to older adults, suggests a more flexible use of the SLN 
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during the engagement of AM-specific processes than in older adults, who did not show this 

specificity of functional connectivity.

The age difference seen in the intrinsic functional connectivity analysis consisted of weaker 

connectivity between aIFO and dorsomedial and lateral PFC. This age effect suggests that 

although older adults do not have reduced functional coupling within the SLN as a whole, 

they do have weaker inter-network functional connections between the SLN and the FPC 

(Geerligs et al., in press; He et al., 2013; He et al., 2014), as dorsolateral PFC is generally 

considered to be part of the FPC (Spreng et al., 2013; Vincent et al., 2008). Thus, although 

we found the functional connections within the SLN to be relatively maintained with age, 

the age differences in connections between aIFO and FPC regions, together with the 

dedifferentiation of connectivity patterns across retrieval conditions, suggest less flexible use 

of the SLN when older adults struggle to retrieve a memory. That is, if the FPC acts as a 

“switch” to facilitate the engagement of other brain networks, as some have suggested (Cole 

et al., 2013; Spreng et al., 2013), then the reduced coupling between FPC and SLN regions 

may indicate a reduction in the ability to flexibly “turn on” the SLN that negatively impacts 

its role in some types of recall in older adults.

4.0 Conclusion

In this experiment, we observed more activity in a distributed set of regions, consistent with 

the SLN, in both younger and older adults when they attempted but failed to retrieve a 

memory based on an external cue, compared to trials in which they successfully retrieved a 

memory. This activity was more prominent in younger than older adults when they 

attempted to retrieve a personal memory, but did not differ between groups when retrieval of 

EMs or SMs was unsuccessful. In addition, the functional connectivity of the SLN during 

unsuccessful memory retrieval was less differentiated across the memory conditions in older 

adults during AM and SM. These results suggest that the influence of age on brain activity 

during failed recall depends on the type of memory content that participants are asked to 

retrieve. They also support the idea that engagement of the SLN is enhanced when recall 

errors are made, as is the case when non-memory errors are committed. Both younger and 

older adults engage the SLN when recall fails, but weaker and less differentiated SLN 

functional connections in the older group may reduce the network’s effectiveness in 

providing an error signal, or evaluating behavior after the error occurs, and may thus 

underlie some of the age differences seen in memory.

5.0 Experimental Procedures

5.1 Participants and Tasks

Fifteen young (age range = 20–33 years, mean = 25.6, SD = 5.1, 6 males) and fifteen older 

adults (age range = 63–77 years, mean = 69.8, SD = 4.7, 6 males) were recruited for this 

study. All participants were right-handed and native or fluent English speakers with normal 

or corrected-to-normal vision. Exclusion criteria included poor health conditions (e.g., back 

problems), history of neurological or psychiatric disorders, head injury, and stroke. The 

older adults all scored within the normal range (range = 27–30, mean = 29.31) on the Mini-

Mental State Examination (Folstein et al., 1975). Informed consent was obtained in 
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accordance with a protocol approved by Baycrest’s Research Ethics Board. We previously 

reported data on task-related activity for correct responses in these participants (St-Laurent 

et al., 2011).

Immediately before scanning, participants received a practice session during which they 

were exposed to examples of the four conditions: Control, Autobiographical Memory (AM), 

Episodic Memory (EM), and Semantic Memory (SM). The study consisted of six fMRI runs 

of 498 seconds each, with 28 trials per run (7 trials/condition); conditions were randomized 

within each run. For each trial, a stimulus image was presented (4s), followed by an inter-

stimulus interval (1s), a question (10s), and an inter-trial interval (1s). The stimuli and 

paradigm used here are described in greater detail in Burianova and Grady (2007). For the 

control trials, participants were shown a scrambled meaningless picture, and were requested 

to press one of three response pad keys corresponding to a letter; this task was not used in 

the current analysis.

For AM, EM, and SM trials, a photograph was presented with a cue word directing attention 

to the gist of the image (e.g., “poverty,” “grandparents,” “airplane”). The picture was 

followed by one of three types of questions (EM, AM, or SM), and participants only became 

aware of the condition at question onset. EM questions were about an element from the 

picture (e.g., “On the picture which you just saw, what was the color of the bicycle?”). SM 

questions were about general knowledge related to the theme of the picture (e.g., “In which 

city was John F. Kennedy assassinated?”). For both of these conditions, three answer choices 

were presented, with either button 1 or 2 corresponding to the correct answer, and button 3 

corresponding to the answer “I don’t know.” For the current analysis, EM and SM trials 

were considered “correct” when participants chose the correct answer, and “incorrect” when 

they either selected the wrong answer or answered “I don’t know”. During AM trials, 

participants were instructed to retrieve a personal event thematically related to the picture 

(e.g., “Think of a time you were with older relatives”), and to rate the vividness of their 

memory for that event (e.g., 1 = “very vivid,” 2 = “somewhat vivid,” 3 = “not vivid at all”). 

For the current analysis, “correct” AM trials were those given “very vivid” responses, and 

“incorrect” AM trials were those given “somewhat vivid” or “not vivid at all” responses. 

Each stimulus image was presented three times over the course of the study (once in each of 

the three memory conditions), but never more than once per run. Accuracy was stressed over 

speed.

5.2 MRI and fMRI data acquisition

Brain images were obtained with a Siemens 3T Trio Scanner using a Matrix 12-channel 

head coil. The anatomical images were acquired with a T1-weighted 3D MP-RAGE oblique 

axial sequence (160 slices, 1mm thick, FOV = 256mm). Brain activity was measured using 

the blood oxygenation level-dependent (BOLD) response. Functional images were acquired 

with an EPI oblique axial sequence (TR = 2000 ms, TE = 30ms, FOV = 200 mm, Flip = 70, 

28 images, 5mm thick).

Stimuli were projected onto a screen located behind the participant made visible through a 

mirror mounted on top of the head coil. Plastic goggles with corrective lenses were used 

when needed. Responses were made with the right hand using the first three buttons of a 
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four-button Fiber-Optic Response Pad System (Current Designs Inc.). Heart rate and 

respiration data were collected.

Images were reconstructed and preprocessed utilizing the Analysis of Functional 

Neuroimages (AFNI, Cox, 1996) and Statistical Parametric Mapping (SPM5). The images 

were corrected for motion associated with heart rate and respiration, for the timing of the 

interleaved functional sequence (slice-timing), and for within-run head motion (co-

registration). Images were normalized to standard MNI space using SPM5’s functional EPI 

template and smoothed with a 6-mm Gaussian filter.

5.3 fMRI Data Analysis

Image analysis was conducted with partial least squares, or PLS (Krishnan et al., 2011; 

McIntosh et al., 1996; McIntosh and Lobaugh, 2004), a multivariate approach that identifies 

spatiotemporal patterns of brain activity related to tasks (task-PLS) or correlated with 

activity in a given brain area to assess functional connectivity (seed-PLS). PLS performs 

event-based signal normalization (i.e., normalizing the time points in each event to the first 

time point in the event), averages over all trials within a condition for each subject, and then 

uses singular value decomposition to extract patterns of activity that characterize the 

covariance between activity in all voxels and the experimental conditions or seed activity. 

The analysis window consisted of 8 time points (16 sec) after the onset of the memory 

question. In task-PLS, each component resulting from the decomposition, known as a latent 

variable (LV), identifies a contrast across the experimental conditions as well as a spatial 

activity pattern depicting the brain regions that, as a whole, show the strongest relation to 

(e.g., are covariant with) the task contrast. In seed-PLS, the mean signal in a reference 

region is correlated with activity in all other brain voxels (within conditions, across 

participants) to assess the seed’s functional connectivity (McIntosh, 1999). In a seed 

analysis, the LVs indicate the patterns of correlation, or connectivity with the seed that 

characterize each condition. Note that seed-PLS assesses functional connectivity across 

subjects, rather than calculating correlations across voxel time courses within subjects, but 

results in patterns of connectivity that are quite similar to those identified using within-

subject approaches (Grigg and Grady, 2010a; Grigg and Grady, 2010b). In the analyses 

reported here, our use of PLS was data-driven, so that each LV was extracted according to 

the amount of covariance in brain activity that it accounted for, similar to a principal 

component analysis.

Each LV has a “singular value” that indicates the amount of covariance accounted for by the 

LV. The significance for each LV, based on its singular value, was determined using a 

permutation test, with 500 permutations. These permutations use sampling without 

replacement to reassign the order of conditions for each participant. A PLS analysis was run 

for each new sample, and the number of times the permuted singular value exceeded the 

observed singular value was calculated for each LV. This procedure provided exact 

probabilities for all LVs, and an objective means for determining the number of LVs to be 

retained (p < 0.05 was used here). Because the decomposition of the data matrix is done in a 

single analytic step, no correction for multiple comparisons is required for this approach 

(McIntosh and Lobaugh, 2004).

Grady et al. Page 15

Brain Res. Author manuscript; available in PMC 2016 July 01.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



In addition, each brain voxel has a weight on each LV, which is proportional to the 

covariance of its activity with the contrast across conditions identified by each LV. To 

determine which brain voxels robustly contributed to the brain pattern identified by each LV, 

the weights from each voxel were submitted to a bootstrap estimation (100 bootstraps) of the 

standard errors (SE, Efron, 1981). For the bootstrap procedure, participants were randomly 

resampled, with replacement, 100 times and each voxel’s SE was calculated. In the task 

PLS, all voxels where the ratio of the weight to the SE for that voxel (bootstrap ratio, or 

BSR) exceeded ± 4.0 were considered to make a robust contribution to the pattern. These 

ratios are analogous to Z scores (Sampson et al., 1989), so that a BSR of 4 would be 

equivalent to p < 0.001. Using this BSR threshold, clusters of activity were identified that 

contained at least 10 voxels, and the local maximum for each cluster was defined as the 

voxel with a weight/SE ratio higher than any other voxel in a 2-cm cube centered on that 

voxel. Locations of these maxima are reported as coordinates in MNI space. To obtain 

summary measures of each participant’s expression of each LV pattern, we calculated ‘brain 

scores’ by multiplying each voxel’s weight on the LV by the BOLD signal in the voxel, and 

summing over all brain voxels for each participant. This resulted in a brain score for each 

participant in each condition, for each LV, at each time point in the analysis window. To 

determine task-related changes in activity, we used these “temporal brain scores”, which can 

be thought of as hemodynamic responses of the whole-brain pattern, to assess changes 

across conditions and groups using repeated measures ANOVAs. For seed PLS, correlations 

between brain scores and seed activity were computed for each group and condition to 

provide a measure of how strongly the external variable covaried with the whole-brain 

pattern of activity. The 95% confidence intervals of the correlations were calculated via the 

bootstrap.

We used two kinds of analysis to examine activity related to retrieval errors. First, we used 

task-PLS to examine patterns of brain activity for incorrect and correct trials across the three 

memory tasks in younger and older adults. Both age groups were included in the analysis so 

that direct group differences could be assessed. The average number of correct trials 

included in the analysis for young adults was 23.6, 29.1 and 22.5 for AM, EM and SM, 

respectively; for older adults there were 23.4, 27.7 and 24.5 correct trials on average. The 

mean number of incorrect trials included in the analysis for young adults was 15.3, 12.1 and 

16.7 for AM, EM and SM, respectively; for older adults there were 14.9, 13.7 and 13.9 

incorrect trials on average.

In the seed PLS analyses, we examined functional connectivity of two important error-

related regions during task and during an estimate of ”intrinsic” or resting connectivity. 

These analyses were done to examine whether the regions active for incorrect responses also 

showed correlated activity, i.e., could be considered an integrated network of regions, and 

whether there were any age differences in functional connectivity. As seeds we chose the 

right and left aIFO as representative nodes of the SLN (Onoda et al., 2012; Seeley et al., 

2007), and because these regions were more active for incorrect than for correct responses 

(see Figure 2). For these analyses, both young and older groups were entered, so that age 

differences could be assessed.
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For the analysis of task-related functional connectivity we extracted mean activity values for 

the two seeds from incorrect trials during the three memory conditions. To obtain 

representative coordinates for the seeds, we averaged the coordinates for each seed from lags 

5–8 from the task PLS, as these were the lags where the BSRs were robust (resulting 

coordinates were ± 32, 24, -8). Then, to obtain a single estimate of activity across the trial 

for each seed, we extracted the mean time course for the seeds from the three conditions, and 

summed activity across lags 2–8 for each condition/subject, resulting in a single value per 

condition and subject, which were then entered into the analysis. Correlations were 

computed across participants between activity in each seed and all brain voxels across the 

conditions (resulting in 6 correlations in total for each age group). Because correlations can 

be driven by outliers, one younger adult and one older adult with outlying brain scores were 

omitted from this analysis. These outliers had extreme seed and brain score values (> 2 SDs 

from the mean) in two of the three memory conditions. Correlation differences between 

conditions and groups were determined via non-overlapping CIs.

To obtain an estimate of intrinsic functional connectivity we needed to examine correlations 

between error-related regions and the rest of the brain independently of task effects. This is 

typically done by measuring functional connectivity during resting state scans (e.g., Allen et 

al., 2011; Fox et al., 2005). However, since we did not obtain such scans on our participants, 

we took another approach, which was to treat the first run for all participants as if it were a 

resting state run. To do this, we divided the run into 40 sequential “blocks” of data, each 10 

sec in length (after omitting the first 20 sec in the run, to allow for signal equilibration), 

which ignores the timing of stimulus presentation, thus blurring any task effects present in 

the data. As with the task-related connectivity analysis, the mean signal for each seed voxel 

from the 40 “blocks” in the first scan was extracted and correlated with the mean signal in 

all other brain voxels, across participants in each group. We compared the distribution of the 

correlations across the 40 blocks between groups using a mixed ANOVA with group as the 

independent factor and hemisphere as the repeated factor. The older participant who was 

shown to be an outlier in the seed PLS analysis of the error trials was also omitted from this 

intrinsic functional connectivity analysis due to multiple outlying seed values and brain 

scores.
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Highlights (for review)

• The salience network is engaged for memory recall failures in younger and 

older adults.

• Older adults show weaker functional connectivity involving the salience 

network.

• Older adults also show dedifferentiation of salience network functional 

connectivity.

• Older adults may have less flexible engagement of the salience network 

during recall failures.
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Figure 1. 
Response times for correct and incorrect responses across the three memory conditions for 

young and older adults. Error bars represent the S.E.
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Figure 2. 
(a) Brain areas with more activity for incorrect responses (image taken from the 8th time 

point, i.e., 16 sec after the beginning of the trial, where the difference between correct and 

incorrect responses was maximal). BSR = bootstrap ratio; the color bar indicates the range 

of BSRs used to make the brain image. Regions indicated by circles: ACC, anterior 

cingulate; aIFO, anterior insula/frontal operculum; Caud, caudate nucleus, SMG, 

supramarginal gyrus. (b) Mean brain scores collapsed across groups and condition. The 

brain score is a summary measure that indicates the degree to which each participant 

expresses the activity pattern seen in (a). If the mean brain score is positive at a given time, 

this indicates more activity relative to the first time point in the trial (i.e., 0–2 sec after 

stimulus onset). Error bars represent the S.E.
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Figure 3. 
Mean brain scores for incorrect trials are plotted for each group and memory condition 

across time. The brain score is a summary measure that indicates the degree to which each 

participant expresses the activity pattern seen in Figure 2a. Error bars represent the S.E.
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Figure 4. 
The hemodynamic responses for four representative regions are plotted for younger (solid 

lines) and older adults (dashed lines). In both groups activity was increased in the right and 

left aIFO seeds during correct and incorrect trials, but either peaked later for incorrect trials, 

and/or was more sustained for incorrect trials. Response profiles of right supramarginal 

gyrus (SMG) and right superior frontal gyrus (SFG) are flatter, but still show differentiation 

between correct and incorrect responses late in the trial.
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Figure 5. 
Results of the functional connectivity analysis for the aIFO seeds during the incorrect trials. 

(a) The brain image shows the regions where activity was robustly correlated with the seeds 

in the first significant pattern. The graph shows the mean correlation (averaged for right and 

left aIFO) between seed activity and the brain scores (i.e., the summary measure of 

functional connectivity for each participant). The brain measures were averaged across right 

and left hemispheres because there were no differences in the correlations for right and left 

aIFO in either group. There were no age differences in the correlations or differences across 

memory condition. Error bars are the average confidence intervals for left and right seed 

correlations. (b) The brain image shows the regions where activity was robustly correlated 

with the seeds in the second significant pattern. The graph shows the mean correlation 

(averaged for right and left aIFO). Areas shown in warm colors were positively correlated 

with the seeds during AM in young adults and cool colored areas were positively correlated 

with the seeds for EM and SM in young adults. * = O < Y for right aIFO. ** = O < Y for 

both seeds (see Table 2 for the correlation values for each seed and group). Error bars are the 

average confidence intervals for left and right seed correlations. The color bars indicate the 

range of BSRs used to make the brain images. Regions indicated by circles: ACC, anterior 

cingulate; aIFO, anterior insula/frontal operculum; Vst, ventral striatum; Caud, caudate 

nucleus; SMG, supramarginal gyrus; MFG, middle frontal gyrus; A/PH, amygdala/

parahippocampal gyrus.
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Figure 6. 
Results of the intrinsic functional connectivity analysis for aIFO. (a) The brain image shows 

the regions where activity was robustly correlated with the seeds for the first significant 

pattern. The graph shows the mean correlation (averaged across the 40 “blocks” of the first 

scanning run) between activity in each seed and the brain scores (i.e., the summary measure 

of functional connectivity for each participant). There were no age differences in the 

correlations. (b) The brain image shows the regions where activity was robustly correlated 

with the seeds for the second significant pattern. Warm colored regions are positively 

correlated with the seeds and cool colored regions are negatively correlated with the seeds. 

The graph shows the mean correlation between activity in each seed and the brain scores. * 

O < Y for both seeds. Error bars represent the SE of the mean. The color bars indicate the 

range of BSRs used to make the brain images. Regions indicated by circles: ACC, anterior 

cingulate; aIFO, anterior insula/frontal operculum; Vst, ventral striatum; Caud, caudate 

nucleus; SMG, supramarginal gyrus; IFG/MFG, inferior and middle frontal gyri.
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Figure 7. 
The red regions indicate where there was overlap among the regions with more activity for 

incorrect trials (see Figure 2a), strong functional connectivity with aIFO seeds during 

incorrect trials (see Figure 5a) and strong intrinsic functional connectivity with aIFO seeds 

(see Figure 6a). These regions are consistent with the SLN, indicating that this network is 

engaged for recall errors and shows robust intrinsic and task-related functional connectivity. 

To make this overlap map, the BSR thresholds from the original images were used (see 

Figures 2a, 5a and 6a).
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